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Abstract

A numerical method is presented to determine electromagnetic shielding
effectiveness of rectangular enclosure with apertures on its wall used for input and output
connections, control panels, visual-access windows, ventilation panels, etc. Expressing
electromagnetic fields in terms of cavity Green’s function inside the enclosure and the free
space Green’s function outside the enclosure, integral equations with aperture tangential
electric fields as unknown variables are obtained by enforcing the continuity of tangential
electric and magnetic fields across the apertures. Using the Method of Moments, the integral
equations are solved for unknown aperture fields. From these aperture fields, the
electromagnetic fields inside a rectangular enclosure due to external electromagnetic sources
are determined.

Numerical results on electric field shielding of a rectangular cavity with a
thin rectangular slot obtained using the present method are compared with the results obtained
using simple the transmission line technique for code validation. The present technique is
applied to determine field penetration inside a Boeing -757 by approximating its passenger
cabin as a rectangular cavity filled with a homogeneous medium and its passenger windows
by rectangular apertures. Preliminary results for, two windows; one on each side of fuselage
were considered. Numerical results on electromagnetic field penetration through passenger
windows of a Boeing -757 at frequencies 26 MHz, 171-175 MHz, and 428-432 MHz are

presented.



1.0 Introduction
Apertures of various sizes and shapes on a metallic enclosure are used for reasons such as

input and output connections, control panels, visual-access windows, ventilation panels, etc.
Since these apertures at appropriate electromagnetic (EM) frequencies behave as very efficient
antennas, they also become sources of electromagnetic interference (EMI) problems for both EM
emission and susceptibility. It is important to know the EM shielding effectiveness of these
enclosures in presence of the apertures. The EM shielding effectiveness study may also help in
locating these apertures at proper places to reduce the EM emission or improving the immunity
of electronic components present inside the metallic enclosure[1]-[5]

Shielding effectiveness can be calculated using numerical or analytical methods. Numeri-
cal methods such as the Finite Difference Time Domain (FDTD) method [6], and the hybrid
Finite Element/ Method of Moments [7] can model complex structures inside enclosure but often
requires large computing time and memory. For electrically large size enclosures and apertures
these methods , though more accurate, become difficult for designers to use to investigate effects
of EM shielding on the design parameters.

Pure analytical formulations described in [3]-[5] even though provide a much faster means
of calculating shielding effectiveness are based on various simplifying assumptions whose valid-
ity may be questionable at high frequencies.

In the present paper a method which is suitable for large but regular shaped enclosure and
apertures is described. Using the equivalence principle as described in earlier papers [1], [2], the
apertures are replaced by equivalent magnetic current sources. By matching the tangential elec-
tromagnetic fields across the apertures, coupled integro-differential equations with the magnetic

currents at the apertures as an unknown variables are obtained. The coupled integro-differential

10



eqguation in conjunction with the method of moment are then solved for unknown magnetic cur-
rent amplitudes. One of the advantages of the present approach is that it gives an appropriate
model for EM shielding effectiveness studies and avoids some of approximations or assumptions
which are made in analytical formulations to arrive at closed form formulas for EM shielding.
Furthermore, by representing the magnetic current over the apertures in terms of entire domain
basis functions, three to five number of unknowns per aperture are required for convergence. The
present method, therefore, requires considerable less computer time compared to other numerical
methods. The CPU time taken to determine EM shielding for a rectangular cavity illuminated
through two rectangular apertures with three entire domain modes on each is around 23.00 sec-
onds on a SGI Origin 2000 machine.

The remainder of this report is organized as follows. A general formulation of the prob-
lem of a rectangular cavity with a series of rectangular apertures on its broad walls which are
illuminated by plane wave at normal incidence is presented in section 2. Section 2 describes: (1)
use of cavity Green'’s function to determine electromagnetic fields scattered due to the apertures
inside the cavity, (2) use of free space Green'’s function in plane wave spectrum form to determine
scattered field outside the cavity due to apertures, (3) setting of integral equation and use of
method of moments to determine matrix equation with aperture fields as unknown variables.
Numerical results on electric field shielding due to horizontally and verically polarized incident
waves for various sizes of rectangular cavity and rectangular apertures are given in section 3 along
with earlier published data for comparison and validation. The report concludes in section 4 with
remarks on the advantages and limitations of the present method. Section 4 also gives a recom-

mendation for future work to be persued.
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2.0 Formulation of Problem

Figure 1 shows a geometry of rectangular enclosure with rectangular apertures on its two
opposite walls. These apertures may be used for input and output connections, control panels,
visual access windows, etc. Since the rectangular apertures are very efficient electromagnetic
radiators, they also act as sources of electromagnetic interference both for emission and suscepti-
bility. The electromagnetic energy radiated by conducting wires and loops inside the enclosure

may escape through these apertures and cause an interference with another electronic

Rectangular
Metal Cavity

T

///Eif p <<Er~\

M»ﬁi X "
Incident Plane r Aperture
Wave

Figure 1 Geometry of rectangular enclosure with rectangular apertures
illuminated by a plane wave at normal incidence.

components. The electromagnetic energy from sources outside the enclosure will get through

these apertures into the enclosure and may cause interference with electronic circuits/components
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present inside. In this report the latter problem is considered. To determine electromagnetic
shielding effectiveness of the enclosure shown in figure 1 due to external EM radiation, a plane
wave at normal incidence is assumed. This assumption is valid for worst case study. The tangen-

tial electric field induced on the apertures due to the incident field may be represented by

> . . T
Eapt = zqu: 1.; %yurpqsmml_ DZ +X-= Xcr%COSE‘H;V gl\zlr ty-— ny[]D

z:l l-zzxvrpqcosﬂ_ o tX- Xc%m[\/\/ 02 Ty - ychD (1)
p.- q

where (X, Y.,) are the coordinates of center Of apertltg,, u% are the

cr
unknown voltages o;f)qth mode oft apertuw,, L, are the width and Iengttrh of  aperture,

A

respectively, X,y are the unit vectorsxny  directions. In equation (1) it is assumed that there

areR aperturesonthe= 0 plane. The unknown modal ampliuu,%sf 0 V%}p;t 0 for

L W
Xcr—ErSXS X+ 5 Yor =5 SYS ycr+7r, andU,,, = V,,, = O otherwise. Using the

equivalence principle, the apertures on the plare0 can be replaced by magnetic currents

given by
Mapt = SR 1%%Vrpq(_y¢rpqy) +yR 1% %urpqwrpqx = SR M1 (2

Likewise the apertures on the plane ¢ can be replaced by equivalent magnetic currents given

by

M = R " R I _ R =

Mapt B ZI’ = 1%Arpqy¢l’pqy+ Zr =1 % Brpq(_xwrpqx) - zr - erZ (3)
where
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S
[

rpqy COSDL 2 -+ X= XC%S"‘EW 02 Y- ychD

Proax = S'”DL Dz T X= XCEIHCOSEW Dz Ty- nyDD

and Arpq 1Brpgq are the unknown modal amplitudes corresponding to the apertures on

. L L
plane and they satisfip, ), #0 , anBl,,#0  fqr - Er < X< X, + -2—r ,

WI’

w
Yer -5 SYS Yt 7r and Arpg = Brpg = 0 otherwise. The problem of EM coupling to a

rectangular enclosure through apertures therefore can be split into internal and external regions as
shown in Figure 2. Assumingtlze= 0 amd ¢  planes are infinite, the entire problem can be

split into three regions: region | fa<0 ,regionllfoxz<c ,andregionllidarc . It
should be noted that because of the presence of the infinite ground plare®at z = and

the apertures onthe= 0 plane do not couple to the apertures brrthe externally.
The internal problem consists of a rectangular volume enclosed by the enclosure and illu-
minated by various equivalent magnetic current sources. The external problem consists of mag-

netic current sources backed by infinite ground plane for each wall of the rectangular enclosure.

The unknown amplitude‘e!rpq Urpg Arpq ,atB;lpq appearing in (2) and (3) are determined by

setting up coupled integral equations. The expressions for the EM fields required to form integral

equation are determined in the following sections.
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Figure 2 Geometry of equivalent problem with apertures replaced by
magnetic current sources.

2.1 Electromagnetic Field Outside Enclosure

The total electromagnetic field outside the enclosure is obtained by superposition of the
field due to incident wave and the scattered field due to apertures. In the following sections the
EM field due to incident wave and the scattered field due to aperture are determined.

2.1.1 Electromagnetic Field Due to Incident Wave
The incident field with a time variation ef** may be written as

Hi = (BiHg + GHg)e ™"

o f

(4)

= (éi|Hi|cos(a0)+Eg|Hi|sin(a0))e_k
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where ﬁi of = —Kqsin(6;)(xcos(q;) + ysin(@,)) —zk,co(6;) , k, is the free-space wave
number, and(6;, @) are the angle of incident plane wave. From equation (4), the x-, -y, and z-

components of the incident magnetic field may be written, respectively as

H, = Heicos(ei)cos((pl)—H(pISin((P.) (5)
Hy = Hgcos(8))sin((@) + H,,cos(@)) (6)
H,i = —Hg sin(8)) (7)

For normal incidence, witto, = 0 6§, = 0 ,ang = 0 , the incident field inzhe O is

given byH,; = |ﬁ|| , Hy; =0 ,andH, =0
2.1.2 Electromagnetic Field Scattered due to Apertures:

Consider ther"" aperture onthe= 0 plane, the EM field scattered di?he_to can be

obtained from [8]

B (Mr) = ;—imxﬁ' ®)
ﬁ'(mr) - _j—zw(kézl + D(D-EI)) (9)
0

. =1 L
where the electric vector potentlal  is given by
—jkolf -

> € — e
F = — 2My————ds 10
ad A TlE e (10)

The factor 2 in equation (9) is considered to take into account the image. In deriving (9) it is
o kot =71
assumed that the= 0 plane is an infinite. Express in terms of plane waves [8] as
Fg_,?-|
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e_jko\?—?\ ®© ‘J"Z‘(Z 2) Jx=0 + Jky(y=y)
X y
s 2njff dk,dk,

the electric vector potentlal can be written in form

® ooB—k\( 2)|
II 1K, I(z— mr[EJk x+]kyydk dky

2 _Ik(=X) + jky(=Y)

Whereﬁlrl = IJ Mr1e

pt

ds

2 2 2 212, .2
k, = Jko—Ki—k, for kg =k, +k and

. 2 2 2 2 2 2
= —j Jkg + K; —kg for ko< (K + ko)

(11)

Substituting (11) in equations (8) and (9), the scattered electromagnetic field duetd the aper-

ture is obtained. Superposition of the scattered electromagnetic field due to all apertures on the

z = 0 gives the total scattered field as

—jk,|(z-2)| JkeX
e

+ jkyy
reqy ' dkxdky

m
x
1
||M;U
I
<
N o
o
—
—

e—ikz\(z— 2)| jkox+ jkyy

Wrpax dk, dky

m
<

11
M o
=
:lm"a

o
glg% 8
8" 8

:lJ'IeJ&Q ”Kvmq%mwk'*UmqwmmkﬂeWA+ww
417 K

1 Pq o000 z

rn
J
I

1M =

k,dk,

R C T k=) (Ko—KQ) jioox+ i
I _ rpq —IKI(Z— 0 ™/ _JKX+ JKyY
H, = Z —> S J’ Ie Wrpgx < e " dk,dk,
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R [e)
wEoVrpq k-2 (=kuky) ikox+ jkyy
+ e Prpqy e dk,dk,, (15)
rzlgl 4T[ k _'[o_'[o K
R o 2 .2
| wsovrpq k-2l (Ko—K)) jkex+ jkyy
H, = e ——ig " dk,dk,
y Prpay X
rzl oG 4’ k _‘[o _‘[, K
R 00
‘*’80 —iklz-2)] o (KeKy) kx ky
+ rqu Ie Wrpax kX Ye g dk,dk, (16)
r= 1 pq 41t Ko o0 0o z
| R ik, ( 2)\ jk,x + jk
_ —jkl(z— jkex+ jkyy
Hz - Z Z 2I I rpqwrpqux_vrpq(prpqyky)e ’ dkxdky (17)
‘T1P9 ar? K0 00 o
In expressions (12)-(17{)rloqy is the Fourier transforrﬂ)pgqy lﬂ%x is the Fourier trans-
form of W, ,. The expressions fag,,, ang,,, aregivenin Appendix Ill.
Consider ther" aperture onthe= ¢ plane, the EM field scattered d7ueto can be obtained
following the same procedure
1l R Ay o o —ik(z=2) ik + jk
- — 'pq —|K(Z— JKy X+ ) yy
x T YD =3 e Prpqy€ dk,dk, (18)
r=1P g 4T _'[o_'[o
I R ik,l(z—2)| jkX + jk
—jk,|(z- jkex+ jkyy
E, = Z Z rqu Ie Wrpgx€ g dk,dk, (19)
Safq At -
R 00 00
m_ 1 —jk,|(z— z)\(Arpq(prpqykx + Brpq"prpquy) Jkx + jkyy
E, = 21% > I I e < e dk, dk, (20)
r= —00 —00

2 2
—jk,(z— 2)| (Ko —K%) jkex+ jiy

HT = : wso P : x dk. d
D) IIe Voo gl
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wSOArpq —jk,)(z- 2)\ (=KeKy) jkox+ ikyy
+ Prpay e ok, dk, (21)
rzlé 4T[ k _'[O_J;, kz
R 0 2 2
mo_ WEGA, EoPrng —ik,l(z— z)\ (ko—Ky) ikx+ iky
H, = e ——e dk dky
y rpqy X
r=1Pg 4T[ k _{, _{, kZ
R
we,B B —jk,l(z— z)\ (=KKy) kexc+ iy
+ Wrpax e dk, dk, (22)
rzlé 411 ko _J;,_Ioo K,
m o8 S i+ jkyy
H = (BrpqWrpgxkx = Arpg@rpgyky)e 7 dkdky.

r=1Pd 4T[k o000

2.2 Electromagnetic Field Inside Enclosure

The equivalent magnetic currents, present on the apertures of an enclosure radiate electro-

magnetic fields inside the enclosure. The total EM field at any point inside is obtained by a super-
position of fields due to each equivalent magnetic current source. Consid®r the aperture, the

electromagnetic field inside the enclosure due ta'the aperture is obtained from

I 1
B = —L1oxP (23)
€o
A= 222"+ oneR") (24)
K

where the assumed variatiei”  has been suppressed. The electric vector potential appearing in
(23) and (24) satifies the inhomogeneous wave equation

DZE”(X, y, 2+ kSE” = —eomr(x, Y, 2 (25)

If ém(x, y, ZX,Y, Z) is the dyadic Green’s function for the rectangular enclosure for a unit

> . . >l
dyad | (X', Yy, Z) = XX+ §yy +2z inside the enclosure, then the electric vector poténtial can
be written in the form
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B (xy 2 = [[ [ Gu(xyz%.y.2): Mr(x, ', 2)dxdydz (26)

Source

Substitution of (26) in (25) yields
~ o~ N
%G, + koGm = =€l d(x—=X)3(y—y)d(z— 2) (27)

Since the apertures are in the xy plane ﬁmd can have both the x- and y-directions,
i(x', y,Z) = XX+ ¥y, hence equation (27) can be written in component forms as
02G e KoGmx = —£03(X—X)3(y = ¥)3(2~ 2) (28)

mxx —

2G oy = —€40(X— X)3(y —Y)8(z— 2) (29)

2 + -
UGy + KoGmyy

2.2.1 Electromagnetic Fields Scattered Due to Aperturesan= 0 Plane

Considering the x-component of the magentic current and using the proper boundary con-

ditions, the solution of equation (28) can be written as

00 . \ k —
o= 3 P o D o)

for the aperture located intlze= 0  plane. In expressions (?X ) = z Z (.) ,
m, n 0

m=0n=

K = Jké-%ﬂﬁ LA K> E‘EDZ+ OF gk, = —jjmﬁ+%"g—k§ for

. _>11x0 = . .
the electric vector potenti& due to the x-componenVief on the plan® is obtained

as
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X0 _ - €0 Eomfon B . [NTIX N1y
Fx = mz K, absm(k,c)cos(k'(Z A)SiNg ECOSD b O

Ugmx-,y, 0) » X)sin mTX%cos %dxdy (31)
q

The total electric vector potential due to all the apertures is then obtained by superposition as

X m=0n . TTX
FIx0 = z Zurpqz < ab§|n(?<|c)cos(kl(z_C))S'anTECOSETyE

=1pP
) y(wrpq(xzy)-msing? os%%y%dx'dy (32)
Since lTerq(Xl y) = )“(LIerqX(x' y) , expression (32) can be written in component form as
FLIXO leiqurqu K, abso|r;n1(0k|nc)Cog(k'(Z_C))Sing%[xgcosg”t}yE
r=
ULIerqx(x', y')sin % osD 5 ngdy (33)
q

The total magnetic field inside the enclosure is then obtained from (24) and (33) as

R
X0 _ —jw —<€o Eomt 2 [Ty,
Hy' _ZZ rpqz Ioab;?](?qnc)g(o Oa DEFS'” Fa (PO 0

2
0r=1
cos(k; (2= NI pgmnx (34)
Yo _ —jw R —€o €omfon_mmn [man[s NTy[]
Yo 2 > Z rpqz absin(kc) a 0 b I'b O
Ko =101 )
cos(k,(z— )l rpgmnx (35)
R
!0 _ —jw 5 Z Z €0 Eomfon LU %co [NTyQ
z (2) & ALk absm(k|c) a SD Op O
sin(k; (z— )1 pgmnx (36)
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. , . mmX' Mmmy',..
In (34)-(36),1 rpgmnx 1S equal to !J’Llerqx(x, y)sm[-T%cosDT%jx dy and can be
expressed in closed form (see Appendix I).

Likewise, considering the y-component of the magnetic current and using the proper

boundary conditions, the solution of equation (29) can be written as

_ < ~Eofomfon ___mmX [nrryDCOS(k (z-9)  mmx. my
Gmyy - _EI—O Oabo COS[ EF O sin(k, c) cosh a EFInD b %(Z‘) (37)

m, n

for the aperture located intlke= O  plane Substituting (37) into (26) the electric vector poten-

. =llyo — _ _ _
tial F Y due to the y-component d¥l;  due to apertures iretheO plane is obtained as

yo _ - —€0_ EomEon B [NTIX(.. [NTY[]
Y= K, absin(kIc)COS(k'(Z e cosg ETst b U

m, n

Hgmr(x-, V) 9) cos[ngxlgsin%ngyl%jx'dy (38)
q

The total electric vector potential due to all apertures en0 Is then obtained by superposition
as

R
0= 5 53 3 eyt ncod TR

[[(@roa(x, y) + ) cos = Fsinf Y Hixly (39)
q
Since c?:rqp(x' y) = —9<qupy(x' y) , expression (39) can be written as
Fy° = rzlz Vrpqz K abglr;(olqnc) cos(k, (z- C))COSE?E@”%%E
yq:rpqy(x', y)costngx'gsing‘gygjx'dy (40)

The total magnetic field inside the enclosure is then obtained from (24) and (40) as
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=

R

yo _ —j nT

Hx 2 Z quz k, absin(kc)U ansm
0r=1P10

—€, €gme
€0 €omfon [ mmpm [mrtx%os[nnyg

COS(k|(Z— C))Irpqmny (41)

R
Iyo _ —jw €0 Eomfon 12 (MMTF nmy
Hy - g le : rpqz I absm(kic)%o Ob DECOS EPInD b O

cos(k; (z— ) rpgmny (42)

Iy0o _ —JO.) Om on [MTX Dﬂy
H2 K2 r;z V’qu K, absm(lqc) b( ki) cos a %C b

sin(k, (z— c))I rpqmny (43)

wherel ., appearing in (41)-(43) is equal toHderqy(x', y)costngxgsin%qu%jx'dy
q

and can be expressed in closed form (see Appendix II).
2.2.2 Electromagnetic Fields Scattered Due to Apertures on= ¢ Plane

Considering the x-component of the magnetic current and using the proper boundary con-
ditions, the solution of equation (28) can be written as

o —EofomEon . _[NTIX [nrryDCOS(k Z) [mT[x nmy,
mz K ab sing Ec O b Osin(k c) ECOSD Eb(z © (44)
for the aperture located intlke= ¢ plane. Substituting (44) into (26) the electric vector poten-
1
tial E due to the x-componentdﬁr on the plane c IS obtained as
e _ < —€0_ Eomfon - [NTX Ty
Fx = mzn K, absin(k c) COXkDSINT FosTp

M (x o ) sinCX O o SO [T,
E[J’%Mr(x,y, C) x)sm[ 3 EcosD b %jxdy (45)
The total electric vector potential due to all apertures is then obtained by superposition as

IIxc _ EomEon [ﬂTIYD
Zlququz K absm(k'C)cos(k,z)sm %cos
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J’J’(lTerq(X', y,C)e f()sin[n;[xl%cosg]gy%jx'dy (46)
q

%
Since  Wrpg(X,Y,C) = —f(LPrqu(x', y') , expression (46) can be written in component form

as
Flxe - b (-B...) < “f0_Eomfon _ —— 21 _cog(k, 2)sin _%COSD””TVD
X Z pZ rqp Z k absm(kic) Ub U

. . X’ .
‘rULIerqX(x, y)smE—— osg]—]—g—y%jx dy 47

a

The total magnetic field inside the enclosure is then obtained from (24) and (47) as

lIxc _ —€0  €om€on 2 EmT[DZ WWD
M = Z > qup)z K, absm(k,c)%o Fa b CSiN 5 FoosT

O r=1p4
cos(K; 2)Ipqmnx (48)
R
lixe _ —jw EomEon MM N Ty
Hy 2 Z pZ( qup)z K, absm(k|c) alob Eﬁm O
cos(K;2)! rpgmnx (49)
. R
lixe _ —jw _ €om€on [NTX M1y
H, = S Z qu( YQP)Z K, absm(k|c) a( ki) cos a ECOSDb O
sin(k ) pgmnx (50)

Considering the y-component of the magnetic current and using the proper boundary con-
ditions, the solution of equation (29) can be written as

_ < “oforfon  mxy. mmycostki2) | mmx
Cryy = k, ab €087 a g b Usin(k,c) €o%g Ersm aﬁ(z 9 D

m, n

for the aperture located intlke= ¢ plane. Substituting (51) into (26) the electric vector poten-

. =llyc = . . .
tial F Y due to the y-component &¥lr  due to apertures irzthec plane is obtained as

Ich _ €omEon (T (N[
Z K, absm(lqc)cos(k'z)cosﬂ a E[st b U
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a

Hgmr(x',y', c)e )7)cos = |nD 5 %ﬂxdy (52)

The total electric vector potential due to all aperturezon ¢ is then obtained by superposition
as

[oe]

R
Ich _ €omEon DW[YD
Z pz rpqz K, abS|n(k|C)C0S(k'Z)CO %Sm

[[(@ma(x. ¥, ©) + §)cosHTX CainTY Dy (53)

Since aqp(x' y,C) = 9d>rqpy(x', y') , expression (53) can be written in component form as

||yc _ z ZArpqz < absolr:]((;‘c)cos(k z)cosD E[smm”ym

r=1bh4
o MTIX
[[®rpay(X. ¥) cosT— gsm bedy (54)
r
The total magnetic field inside the enclosure is then obtained from (24) and (54) as
lyc _ —€0  Eomfon [ mmnm mnym
M = leZq quz k, absin(kc)U ansm BCO
Lo
cos(K;2)! rpgmny (55)
R
llye _ —jw €0 Eom€on 12 (NTTT [nT[yD
Hy™ = % sz rpqz K, absm(k,c)a(o Tp OEFosT 5 5N
cos(k;2) !\ pqmny (56)
Ich _ €0 €omfon nm, [NTIX Ty
- lei rpqz k, absin(kc) (k) cos T Epos Y
o
sin(k 2)1 1 pqmny (57)

For a unique solution the electromagnetic fields in various regions must satisfy continuity condi-
tions over their common surfaces. The tangential electric fields over the apertures are continuous.

The tangential magnetic fields over the apertures must also be continuous, thus yielding coupled

25



integral equations with the magnetic currents as unknown variables. The coupled integral equa-
tion in conjunction with the method of moments can be solved for the amplitudes of magnetic cur-

rents.

2.3 Derivation of Integral Equation
The total tangential magnetic fields inside the cavity from apertures on both sides are writ-

ten as

Y = (RO M il )

Hy = (Hy O+ O o H, )

Using continuity of tangential magnetic fields across the apertures m=the plane yields
Hl,_ tHY, = (O H HY P r PO e Y| (8)
],y Hi, Ly = GO ) &
And matching the tangential magnetic fields across the apertuzes in plane yields
(HCHHY A O )| = WY (60)
(Hy C+HY P+ HPO e = HY| (61)

In deriving equations (58)-(61) it is assumed that the cavity is excited by a plane wave incident

fromz = —oo .

2.3.1 Integral Equation for Apertures onz = 0 Plane

Using the field expressions derived in the earlier sections, equation (58) can be written as

ooy wWeU g (kg—ki)ejkxxﬂkyydkd
B TR Lom e

R 00 ©
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wSoVrpq (—kyky) X+ 1Y g dk,
X

+ ¢
23 I

€0 £omEon
Z ZUrqu koabsoln((l)QC)B(O Ua Dgsm[mnxgcosﬂ

0 r=1p9
cos(kc)l rpgmnx
R
—jw —€o  Eomfon [ mmpm_. M T[]
z D rpqz K, absin(k)T a b >0 Ta Fo50p O
k0 r=1p9
cos(k; )l rpgmny
—JW —©0[] ®“Om®0On _ Ny
2 > pZ rqp>Z k, Cabsin(kc) | pamno Ko~ (12 Oa DE{S'”D a oo b U
0r=1b

R
—lw —fory_Eomfon () M (T o T
sz rpqz K, Cabsin(kc) amnyTT g Op o Ta PO (62)

Now selecting¥,. ;4 as a testing function and use of Galerkin’s method reduces the above equa-

tion to
R 0 00 2 2
weyU (kg—ky)
Ir'p'q'xi + rpq qupqqur p'g'x . dkxdky
kI

r=104 41Tk oo

+ gz we Vv I'DQJ'J'((p LIJ )( k)dk dky
rpay rrip'ax
r=1Pd 4rrk om0
R
_ —jw E0 €omEon
- ? pz rpqz k absm(klc)g(o Oa Dgcos(k C)Irpqmnxlrpqmnx
0Or=1
—joo Vv —€0 €omfon ] mn[nnco (k)]
k z z_ quz K, absm(lqc)D rpqmn)Jr'p'q'mnx
0r=1P19
—€or] Eomfon 2 o
Z( qup)z k ChHbsin(k c) IrpqmnxI rp'gmn 0" Oa 00
2 (KC)

—€or] €om€on (1] M1
pZ rpqz k, Chbsin(kc) Pamny reamm(TT 5 O (63)

el
e,

|_.
\_.
O N O N

Rearranging the terms in (63) we get
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Py)

_ xlxl x1lyl x1ly2 x1x2
rpgxi ~ Z Z (UrpqYrparpa * VipaYrparpq * ArpqYrparpa + Brap Y rparp:)
r=1P9
where
x1x1 _ —jw - —<€0  €omon [mT[DZ
Yrparpg = _S z k_absm(k|c) E(O g O %cos(k S rpgmnd rpgmnx
m,
(k2 kz)
2I Iwrpqxl“r pax . dKxdky
4P K0 00 oo
xlyl  _ j - 8o €om€on [ mn[nn
Yriparpq = kz k, absin(kc)d a cos(k ) rpgmny rpgmnx
om
(o L|J )( X y)dk d
2 2II rpayrpax Ky
a2 jw - 8OD €om€on Z_DEDZD
rpar'pg T gz Qabsm(k,c) L rpgmnd rpgmn¥o Oa OO
m,
2 o Zjw c —€or] €omfon (1] MINTT
rparpd T S Z Qabsm(k,c) L pamny e pamn{TT ad
m,

e ogxi —J'I H i Wr pgxdXdy
rpd

Using expression (59) we get

R 2
0 y) kX + jkyy

weqV rpq
Hy; + dk,dk,
yi rpqy X
rzlgl 4T[ k _Ioo:[o
. R ooao WU Ky y) i+ ik g
Z I ILIerqx X ky
r=1P4d —00 —00
_ Tlw i U —€0_Eom€on _mmpn Os[mm(%smmnym
12 > rqu k, absin(kc) a U b
0or=1P4
cos(k, c)lIrpOImnX
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(65)

(66)

(67)

(68)

(69)



—joo —€o_ Eomfo 2 . NTy[]
Z > Vrqu K, abS|r:1(|<?c)B(0 DbDECO E[S'nDTD

0 r=1pm4d
cos(k; )l rpgmny
“For] EomCon__ TN rmnx EﬂTIYD
pz( qup)z K Qabsm(k'c)lqumm{ja Ob 05 Er‘sm
o r=1
_Joo —€or]_Eomfon o D“TyD
Ko rzlpqurpqz k, Labsin(k c) | pamnTho~CTp 0 FEOST 3 (T b (70)

Now selecting—CDr.p.q.y as a testing function and use of Galerkin’s method yields
R

—weV (K2 =K2)
[ = ﬂ Q. O 20 Yk d
rpayi r21% 4T[ k __[o__[o rpayrrpqy kz X ky
R _ weyU, (—k k)
+ —9r )—2Ydk, d
rZ % 4 k I f rpaxPr pary Ky
Lo

—€0_ Eomfon mmpn
Z rpqz k, absin(kc) a O T[Ecos(k )l rpgmno r'pamny

=~
SN

"M = |IM Py
=

jw 80 €omEon
+E rpqz K absm(klc)%o Opb Dgcos(k ©)!rpgmny r'pgmny
or=1P¢
R
jw —€oy €omfon T[] N1
* Q@ le rqp)z K, CAbsin(kc) rpamnd rpdmnyT g T O
r=10
R
jw —€or7_Eomfon 2 MO
* % Z Z rpqz K, Cabsin(kc) rpamny redmny o[ 00 (71)
r:

Rearranging the terms in (71) we get

R
_ ylxl ylyl yly2 y1x2
reqyi — z z (Uqu rparp'd Vrqurpqrpq AquYqurpq quperqrpq) (72)
r=1P4q
where
ylx1l _ WE( * (_kxky)
Yquf [ 2 ZI I(wrpqx(pr'p'q'y) k dkxdky
4TTK0 o "0 z
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(o]

Lo fo_fomfon _mmpn
22K
Om

k; absin(kc) a U T[Ecos(k C)Irpqmnxlr pgmny

0 o 2 2

vt T9% [[o o (ko—ky)
rpgr'p'q 2 rpayrrp'ay

4n2k K,

—00 —00

—2 Y- dk, dk,

j_ i €om€on
& Z K, absm(k,c)B<0 DbDECOS(k ©)!rpgmny r'pgmny
m,
e —jw - €07 _Eomfon T[] N1
rparpq T g Z k, Labsin(kc) rpgmn rpdmny] g [0 p O
m,
yly2  _ —505 €omEon 2 T
Yrparpq = O Z K, Qabsm(k,c) rpgmny/ r'pdmn%(o_m 0d
m, n

lrpayi = f [ Hyi®rpgxdxdy
rpq

2.3.2 Integral Equations for Apertures onz = ¢ Plane

Using (60), we get

i R —£ EnmE
J_(z; Z pZ rpqz kOEhbsouTu(och) qumn%o DszErS'” %COSB“’JVE

P mT‘U‘_’T ALY
kg lezq Vrpqz K %bSIn(kic)lrpqmnm s|n %COSD
r=

m€on Ty
ko Z qu (- qup)z K, ab;)ln(?qc)a(o %S'n Fa eosTp

=1
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(74)

(75)

(76)

(77)



cos(k,c)l rpgmnx

—€0  €omEon DmT[[rIT[SIn TEXECOSB(EyE
b

. R
2 TPq O a0
K2 rzmq Z k, absin(kc) a Ub

cos(k,c)l rpgmny

R 0 00 2 2

_ _wSOBrpq (ko —K) kX + jkyy
S22 a2 [ [Yee o T
=1P0  4TTKO oo '

R o0 00
wEOArpq (_kxky) jkex + jkyy
+ —_— [0) e dk,dk, (78)
2 rpay X
er b3 41ko _J;_'[o g
Now selecting testing functiOHLPr.p.q.X and use of Galerkin’s method yields
€0 €omfon 2 MO
k Z ZUrqu k, absin(kc) rpamad ko = 500
0r=1P49
v _ Eom€on [] M1
Z > rpqz k absm(lqc) 'rpamny rpamnx T3 O
Or =1P.q
—jw —<€0  €om€on
—2 Z z( qup)z K, abs.n(kic)%o Oa Dgcos(k )l rpamnsd rpigrmnx
0 =
o < So_Eonfon ) mmpm
— 0 om®*0On []
W2 > Z quz k; absin(kc)J a Ub c0Sk; &)l rpgmny r prgrmnx
0or=1P49
R 0 2 2
wsOBrpq (ko —k)
* LIJIr|00|><L|Jr pax o dkedky
rzlgl 4T[ ko ;];,;];,
©eoArpg s y)dk d 79
Z _[ I(prpqy‘“rpqx K, Ky (79)
1Pq 417 ko o000
Rearranging the terms in (79) we get
R
2x1 2y1 2y2 2x2
)= z z (UrpgY ?(pgrpq Vrqu;(pgr'pq Arqufpgrpq +quprpgrpq) (80)
r=1Pq
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where

x2x1 _ —Jw - —<€0  €om€on [mTfDZD
Yipgrpq = _2 2 k_absm(lqc) pgmnd ¢ pqmnxa(o Oa 00
0 m,
Yx2y1 _ j(D 80 €omEon MrrNTt

__O0m=0n__ (] M
rparpq _kz 'k, absin(k c) Lpgmny rpgmnd a
om n

[ee]

x2x2 _ Jo< o €omfon
Yrparpg = -E z k, absin(k c) %0 Og O Ecos(k S rpgmnd rpgmnx
Om

(k2 kz)
4]_[ kzio_{,mrpqxwr p'aqx ——dk dky

0

i —€ EnmE
Yx2y2 j_2 Z 0 0m®On [] mT[D’lT[COS(k C)I
0 m,

rparpq k, absin(kc)0 a Ob rpgmny r'pigmnx

(xy)

> 2f I rpqy‘“rpqx dk,dky

4Tt 0—oo —00

From (61) we get

R
—jw —€oy_€omfon T[] NTT CTIXC [Ty
2 Z Z rpqz K Eébsm(k'c)lrpqmmﬂa Op0 %0 a PN
0or=1

=

2
Ko r'=1bd

R
—jw —€o_Eomfon_mmpn MIX[: [NTY[]
K2 Z pz rqp)z k, absin(kc) a U b OS E[st b U
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R
—jw —Eory_fomon _ 2 [T, LT CNTIY[]
Z rpqz Kk, Lhbsin(K c) rpqmnx%(o_mﬁm eoss a E[S'nDTD

(81)

(82)

(83)

(84)



cos(k,c)l

rpgmnx

—ng rpqz —€0  €om€on E(z mngzgcos[mnx%mmnyg

k; absin(kc)09 Up [

cos(k,c)l rpgmny

R (Kg—K)
D IR LI
- z

T (KK ko ky
+ ——>rry L™ Tk, dk,

2 pgx X
rZ:L pq 4T[2k0 _oo_'[o Kz

Now selec:tingbr.p.q.y as a testing function and use of Galerkin’s method yields

_ —€0_ Eomfon MTI] N1

- 2 Z Zuquz k, absin(kc) 'rpamnd rpamny 3 T O
Or—1p q

R

jo _ €om€on 2 MO
* k(z)r—lpzq rqu k absm(k|c) rpqanr'p'q'mnvg(O_DbDD

—€0_ Eom€on _mmpn
0 1%( qup)z k, absin(kc) a U n%cos(k ) rpgmnd r'pigmny
e

R —we
3y = rquI“’pqx oy

r=1Pq 4T[ kO —00 —00

jw —€o  €omon 1,2 (NTUTF
_S Z ZAquz K, absm(lqc)%o Op O %cos(klc)lrpqmndr'p'q'mny

R wggA (K —K)

* —2 B4 rg — Y dk,d
rzlé 4T[k :[o__[o reqy rpqy kz X ky

s y)dk (dk,

Rearranging the terms in (84) we get
R

_ y2x1 y2yl y2y2 y2x2
J—ZZ(U Y +V .Y +A.,,Y qupY

rpq " rpgrp'd rpq - rparp'q rpg " rpgrp'd qrpq)
r=1Pq9
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where

y2x1 _ —€9 SOm‘(':On N1
erqrpq - Z k absm(k,c) rpqmnxlrpqmn 'B' (88)
Om n
yyl — _ —jw - €0 Eomfon 2 T
erqr pq 2 Z k absm(k,c) rpqmnylrpqmnyB(O_DbDD (89)
0 m,
e cjw — —£0_ EomEon ML nngco (k)]
rpar'pq 12 Z k, absin(kc) a U rpqmnxlrpqmny
Ko m,
g, (K, y>
zf prqx Fpay dk, dky (90)
4 k O—o00—00
y2y2 €0 €omfon
Yrparpq 0 z k, absin(k c) %0 Op O %cos(k C)Irpqmmjr p'gmny
m, n
0 2 2
, @ « (ko—ky)
91
4112 ZL_[o@rpqy Fpay Tk, 1 dkdky (91)
Equations (64), (72), (80), and (87) can be written in a matrix form as
. x1x1 x1lyl x1ly2 x1x2 1- ] _ -
Yrparpq Yrparpd Yrparpd Y rparpq Urpq |r.p.0|.xi
yix1l ylyl yly2 yix2
erqrpq erqr P erqrpq erqrpq Vrpq = |Trpqyi (92)
x2x1 x2yl X2y2 X2x2 A
Yiparpa Yroarpa Yrparpq Y rparpa Brpq 8
y2x1 y2yl y2y2 y2x2 | Prap] L -
erqr P erqr P erqrpq erqrpq_

The matrix equation (92) can be numerically solved for the unknown amplitudes of equivalent
magnetic currents induced on the apertures due to given incident field. From the knowledge of
these amplitudes electromagnetic field inside as well as outside the cavity can be determined. The

shielding effectiveness of the enclosure with rectangular apertures is then determined from the
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EM fields using following expression [3]

9
i O
E— Shieldingd dB = —20.Iog§§£‘i|m (93)
EexJD
WhereEint is the total electric field at a given point inside the enclosun%eand is the field at the

same point in absence of the enclosure. The expressions for electric field components inside the

cavity due external EM sources are given in Appendix IV.

3.0 Numerical Results & Discussions

3.1 Single Aperture Case

In this section we consider a variety of simple cases and compare the numerical results
obtained using the present method with results published earlier [3] for validation of the computer
code.

Consider a rectangular enclosure with single rectangular aperture orrtige plane and
illuminated by a plane wave at normal incidence polarized in the x-direction (as shown in Figure
3). The matrix equation (92) for this case reduces to

Y;(;éi P Y;(;g% pa [Urpj = {' r'p'q'ﬂ (94)
Yioaroq Yinaroq L 0

For normal incidence

W CL=cos(pmp
X120 [ (p'T[)/Lrv O

: for(q # 0)U

e

&

for(q = 0)O
r'pgxi 0
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Using the orthogonality of expansion functions it can be shﬁ%fnp.q. = Yryggﬁp.q. =0 ,

hence equation (93) simplifies to

[stgip'q] [Urpi - [' r'p'q'XJ (95)

Furthermore, it has been found from numerical results that the expansionpned&s3, 5 ,... ,
andq = 0 are strongly excited. In equation (5) ahd pre 1,3 5,... gard O
For a numerical solution of (94) we consider a rectangular cavityavith30 cms,
b = 12cms, andc = 30 cms with a rectangular aperture of sifx@.5 ?,dmsated at
(15, 6, 0 cms, and illuminated by a plane wave at normal incidence. Assuming only

p = 1, = 0 expansion mode on the aperture and considering only dommmantl,n = 0

mode inside the cavity, electric field shielding obtained using expression (93) is plotted in Figure
3.1 along with the results from [3]. It is observed that the numerical data obtained using the
present method agrees well with the earlier published results. Experimental data from [3] is also

reproduced in Figure 3.1.
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Figure 3.1 Electric field shielding at the center of 30 cm x 12 cm x 30 cm enclosure
with10 x 0.5 cfraperture located at 15 x 6 cm in z=0 plane with dominant
cavity mode considered.
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Figure 3.2 Electric field shielding at the center of 30 cm x 12 cm x 30 cm enclosure

with10 x 0.5 cfraperture located at 15 x 6 cm in z=0 plane when _
higher order modes inside cavity and single mode on aperture were considered.

In order to study the effect of higher order modes, the electric field shielding is calculated

using the present method with= 1, = 0  expansion modeardl, g = C on the aperture

and consideringm— max= 120Q n—max = 200 modes including dominant mode inside the

cavity. The electric field shielding obtained using the present method is plotted in Figure 3.2

along with the results from [3]. The numerical data in Figure 3.2 shows that consideration of

higher order modes inside the cavity gives results closer to the measured values. Through numer-

ical calculations, it was also noted that inclusion of higher order modes on the aperture did not

alter the electric field shielding values shown in Figure 3.2.

To validate the present method for a wider aperture, the electric field shielding of a rectan-
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gular enclosure (30 cms x 12 cms x 30 cms) with rectangular aperture (20 cms x 3 cms) as shown
in Figure 4 is determined as a function of frequency and presented in Figure 4 along with earlier
published data [3]. It may be observed from the data presented in Figure 4 that numerical results
obtained by the simple transmission line model used in [3] predicts less electric field shielding
than the present method. However, the location of minimum shielding predicted by the present

methods agrees better with the measured data compared to transmission line model of [3].
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Figure 4 Electric field shielding at the center of (30 x 12 x 33)@mslosure with
(20 x 3.0) chaperture located at 15 x 6 cm in z=0 plane

In the numerical data presented in Figure 4 only a single mode (el,q = 0 ) over
the aperture and dominant mode inside the cavity were considered. To study the effects of higher

order cavity modes on the electric field shielding, a numerical example with the cavity and aper-
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ture sizes same as shown in Figure 4 is considered. The electric field shielding calculated at the
center of the rectangular enclosure considering maximum valwe of  equal to 100 and maximum
value ofn equal to 100 is shown in Figure 5 along with other numerical data. From the numerical

data presented in Figure 5 it may be concluded that inclusion of higher order cavity modes

improves electric field shielding estimation.
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Figure 5 Electric field shielding at the center of (30 x 12 x 33)@mslosure with
(20 x 3.0) chaperture located at 15 x 6 cm in z=0 plane

Figures 6 and 7 show the electric field shielding when more than a single mode is consid-
ered at the aperture. The dimensions of the enclosure and the rectangular aperture for Figures 6

and 7 were the same as shown in Figure 4. From Figures 6 and 7 it may be concluded that for the
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aperture size and the frequency range considered, a single dominant mode at the aperture is ade-

guet for achieving convergent results.
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Figure 6 Electric field shielding at the center of (30 x 12 x 3®)@mslosure with
(20 x 3.0) chaperture located at 15 x 6 cm in z=0 plane
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Figure 7 Electric field shielding at the center of (30 x 12 x 3G)e@malosure with
(20 x 3.0) chraperture located at 15 x 6 cm in z=0 plane

3.2 Two Aperture Case
Consider a rectangular enclosure with two rectangular apertures, onezon the and

anotherontheg = ¢ planes. Itis assumed that the enclosure is illuminated by a plane wave at

normal incidence on the aperture at the 0 plane. Due to assumed polarization of the inci-

dence wave it can be shown thﬁbq =0 aAq)q =0 . Hence the matrix equation (92)
reduces to '
x1x1 x1x2
Yrparpq Yrparpq| |Yrpg = Mrpgxi (96)
x2x1 X2X2 Brp 0

reqrp’d T rparpq
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The matrix equation (96) is solved 1’drrpq an)q using numerical methods. From

U pq andB,, the electric field shielding can be determined using expression (93). For numeri-

cal solution of (96) we consider a rectangular cavity \&ith 30 dims, 12 cms, and

¢ = 30cms with two rectangular apertures. One of the rectangular apertures was of size

(20x3.0) cn?, located atl5 6 O cms, and another rectangular aperture of the same size as the
first aperture but located 46, 6, 30 cms. The rectangular cavity is illuminated by plane wave at
normal incidence to the first aperture. Assuminggnky 1,q = 0 expansion mode on the aper-
ture and considering only dominamt= 1,n = 0  mode inside the cavity, the electric field
shielding obtained using the present method is plotted in Figure 8 (Solid Line). The numerical

data represented by the solid line in Figure 8 is obtained with the internal coupling between the

. xoxl 1x2
apertures not zero (i.e. setting ;oo % Yiparoq

20 ). The electric field shielding of the
rectangular enclosure with two apertures is also obtained by extending the simple transmission
line model described in [3]. In this model the expressioZfor  given in equation (6) of reference

[3] is modified to

-7 (Zap+ jzgtan(kg(d_ p)))
- 79 Z+ jZptan(ky(d - p))

Z, (97)

to account for the second aperture. The numerical data obtained using the simple transmission
line are also plotted in Figure 8. General behaviour of the electric field shielding as a function of
frequency obtained by the present method and the transmission line method [3] is in good agree-
ment. It is also observed that when the mutual coupling between the apertures is not considered

the present method gives shielding results identical to the results obtained using transmission line
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method.
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Figure 8 Electric field shielding at the center of (30 x 12 x 3)@malosure with

two identical apertures with (20 x 3.)2c3'ize. Aperture one located at
(15,6, 0) cms, aperture two located at (15, 6 , 30) cms.

In Figure 9 the electric field shielding for the enclosure and aperture dimensions as given
in Figure 8 is studied when higher order modes inside the cavity and on the apertures are consid-

ered.
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Figure 9(a) Effect of higher order aperture modes on electric field shielding

at the center of (30 x 12 x 30)°@nclosure witliwo identical apertures
with (20 x 3.) cmi size. Aperture one located ét5 , 6 , 0) cms,
aperture two located at (15, 6, 30) cms.
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Figure 9(b) Effect of higher order aperture modes on electric field shielding

at the center of (30 x 12 x 30)°@nclosure witwo identical apertures
with (20 x 3.) cmi size. Aperture one located 15, 6 , 0) cms,
aperture two located at (15, 6 , 30) cms. # Cavity modes considered
(100 x100).

To validate the Modal Method (MM) presented in this report, in the following section, we

compare the electric field shielding data obtained using the MM method with the FEM-MoM [8]
techniques. For numerical simulation we consider a rectangular cavitg witi30 cms,

b = 12cms, andc = 30 cms with two rectangular apertures. One of the rectangular apertures
was of size 20x3.0 ) crf located atl5 6 O cms, and another rectangular aperture of the same

size as the first aperture but locatedt6, 30 cms. The rectangular cavity is illuminated by a

plane wave at normal incidence to the first aperture. Assuming two aperture modes and m-max =
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100, and n-max = 100, the electric field shielding at the center of the cavity is calculated using the
present method and presented in Figure 10. In Figure 10, the numerical data on electric field
shielding of the cavity using the hybrid Finite Element Method-Method of Moments (FEM/MoM)

[ 8] is also presented for various sizes of the apertures. Eexcellent agreement between the results

obtained from the present and FEM/MoM methods validates the accuracy of the present method.
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Figure 10 Electric field shielding of rectangular enclosure of size (30 x 12 x 30 ) cm3 with
two identical rectangular apertures ( one on each side) of various sizes when
illuminated by incident plane wave at normal incidence.

Figure 11 shows a rectangular cavity excited through four apertures; two on each side. The cav-
ity and aperture sizes used in Figure 11 are small enough so that shielding effectiveness of the
cavity can be calculated using FEM/MoM for validation purpose. The electric field shielding of

the cavity shown in Figure 11 is calculated using the present and FEM/MoM methods and pre-
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sented in Figure 12. A good agreement between the two results further validate the present
method. The small disagreement at higher frequencies between the two methods may be attrib-

uted to the numerical inaccuracy involved in the FEM/MoM methods due to discretization level.

Rectangular
Cavity

12

Incident

30 Wave

Figure 11 Rectangular cavity with four identical apertures and illuminated by
plane wave with normal incidence. All dimensions in cm
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Figure 12 Electric field shielding of rectangular cavity shown in Figure 11. Observation
point (30, 6, 15) cm.

3.3 EM Field Penetration Inside B-757 Aircraft Configuration
A typical cross section of a B-757 aircraft with various dimensions is shown in Figure 13.

For simplicity, the inner complexities of passenger seat arrangement and overhead compartments
are assumed not to be present. The cross section shown in Figure 13 can be approximated by a
rectangular crosssection as shown in Figure 13. Therefore the entire fuselage of a B-757 can be
approximated by a rectangular cavity of dimensions shown in Figure 14(a). An external electro-
magnetic source would cause EM field to penetrate through passenger windows and cockpit win-
dows into the fuselage. The EM field present inside the fuselage due to any external EM source
may coupled to sensitive instrumentation wiring and hence cause electronic upset. Furthermore,

if the EM field strength inside a fuselage is sufficiently large it may cause electric spark on broken

49



wires. It is therefore important to estimate electromagnetic field shielding of a B-757 fuselage or
for that matter any aircraft passenger cabin. The external EM field may also penetrate a B-757
fuselage through the cockpit windows. However for an aircraft illuminated from sides passenger
windows will be dominant contributors. Hence in this report only side windows are considered.
Approximating the B-757 fuselage by a rectangular cavity with rectangular apertures representing
passenger windows the computer code developed here is used to determine the field strength
inside the passenger cabin due to any external EM source. For the worst case scenario, itis
assumed that the cavity is excited by an electromagnetic plane wave at normal incidence with ver-
itcal as well as horizontal polarizations.

For the numerical estimate of electric field shielding of a B-757 fuselage, we first consider
the effect of two windows, one on each side of a rectangular cavity ( 3600 x 400 x 400 cms) as
shown in Figure 14(b). The window dimensions selected for the numerical simulation were ( 25 x
35) cnf. The windows were assumed to be located with their centers at (1800 , 200, 0.0) cms and
(1800, 200, 400) cms. Using the computer code developed here, the electric field shielding calcu-
lated at (1800, 120, 200) cms as a function of frequency is presented in Figure 13. In the numer-
ical simulation it is assumed that the incident wave is polarized in the y-direction. The numbers

of cavity modes considered in this example ware 0, 1, 2, ..... ,1200 and

n=02012 ..200 Any further addition of cavity modes was found to have no appreciable

effect on the shielding calculation. For the numerical results shown in Figure 15 only a single
dominant mode (i.ep = 1,q = 0 was considered on the window apertures. For comparison,
the measured values of electric field shielding for a B-757 aircraft at two separate frequencies are
also shown in Figure 15. However, these measurements were done under different incident wave

conditions and hence are shown here only for illustrating that the numerical data obtained using
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the present method are in the range of measured values.
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Figure 13 Geometry of B-757 aircraft configuration with cross sectional and
longitudinal view. Dotted line shows approximated cross section.
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Figure 14(a) Closed rectangular cavity approximating B-757 fuselage with
rectangular apertures on side walls representing passenger windows.
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Figure 14(b) Closed rectangular cavity approximating B-757 fuselage with
two rectangular apertures on side walls representing passenger windows.

Figures 15-17 shows the electric field shielding when higher order modes on the apertures
were considered. In Figures 15-17, the incident wave was considered to be parallel to the longer
dimensions of the aperture windows. For the frequency range shown in Figures 15-17 it is clear
that singlep = 1,q = 0 mode on the aperture is adequate for obtaining convergent results. Fig-
ure 18 shows the electric field shielding of a rectangular cavity with two apertures when the inci-

dent wave was polarized parallel to the shorter dimension of the window. The dimensions of the
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cavity and aperture used in numerical data shown in Figure 18 were the same as given in Figure

15. Only a single aperture mode was considered in the numerical data shown in Figure 18.
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Figure 15 Electric field shielding of rectangular cavity approximating fuselage of
B-757 aircraft. Two windows on each side of cavity were considered.
Cavity size ( 3600 x 400 x 400)%cmvindow size (25 x 35) cfnwindow
locations ( 1800, 200, 0.0) cms and (1800, 200, 400) cms.
Field point location(1800, 120, 200) cms.
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Figure 16 Electric field shielding of rectangular cavity approximating fuselage of

B-757 aircraft. Two windows on each side of cavity were considered.
Dimensions of Cavity, aperture and field point are as given in Figure 15

55



T T T { T T T T { T T T T { T T T T { T T T T
80 —— (1,0) Mode on Aperture .
77777 1,0 + 3,0)Modes on Aperture
I —ermrems - (1,0 + 3,0 + 5,0)Modes on Aperture
@ 60| | -
g 60 |
(@]
=
E \
D 40+ .
<
n
i)
Q L
3
t 20 - , H
s i \ i
O [ U\ ,
Q@ bk ‘
w - ) ‘
0 |-
| ! ! ! ! | ! ! ! ! |

200 400 600 1000

Frequency (MHz)

Figure 17 Electric field shielding of rectangular cavity approximating fuselage of
B-757 aircraft. Two windows on each side of cavity were considered.
Dimensions of cavity, aperture and field point are as given in Figure 15
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Figure 18 Electric field shielding (for horizontal polarization) of rectangular cavity
approximating fuslelage Bf757 aircraft. Two windows on each side of
cavity were considere@imensions of cavity, aperture and field point
are as given in Figure 15

3.4 Convergence Test For Large size Cavities
The numerical estimate of electric field shielding in an electrically large size cavities illu-

minated through large size the apertures depends upon the number of cavity modes as well as
aperture modes considered in the numerical simulation. An adequate number of cavity modes and
aperture modes must be considered to achieve numerical stable results. In this section, depen-
dence of the electric field shielding on number of cavity modes and aperture modes is studied
through numerical examples.

For numerical estimate of electric field shielding, we first consider a rectangular cavity
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(5400 x 600 x 600 ) cfnwhich approximates the fuselage of a Boeing-747. For numerical sim-
ulation only two windows; one on each side of fuselage were considered. The aperture dimen-
sions selected for the numerical simulation were ( 25 x 33.) drhe window was assumed to be
located with their centers at (2700, 300, 0.0) cms and (2700, 300, 600) cms. Using the computer
code developed here, the electric field in volts/meter calculated at (2700, 300, 300) cms as a func-
tion of mode indexn  is presented in Figure 19. In the numerical simulation it is assumed that
the incident wave is polarized in the y-direction. In Figure 19, stable results are obtained for the
cavity mode indexx  higher than 200. For Figure 19, only a single mode at the aperture was con-
sidered.

For the cavity and window dimensions as shown in Figure 19, the electric field at the cen-
ter of cavity is calculated and shown in Figure 20 as a function of cavity modenmdex . From

Figure 20 it is clear thah> 1200 achieves numerically stable results.

After selecting the cavity mode indices n  for numerically stable results, the electric
field at the center of the cavity with dimensions as shown in Figure 19 is calculated as a function
of aperture modes and shown in Figure 21. From Figure 21 it may be concluded that for normal
incidence the 4 or 5 aperture modes are sufficient to obtain numerically stable results. Consider-
ation of higher order modes on the aperture improves the accuracy of the numerical calculation
but increases the computational time significantly. For fast computation of electric field shielding,

we consider only single mode at the aperture.
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Figure 19 Electric field amplitude at (2700, 300, 300) cms inside a rectangular cavity

( 5400x600x600 c??ﬂluminated?cby plane wave at normal incidence through
rectangular windows (25 x 35)“as a function of cavity mode index n.

Other parameters: cavity mode index m = 1200, frequency = 2.87510864 GHz.
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Figure 20 Electric field amplitude at (2700, 300, 300) cms inside a rectangular cavity
( 5400x600x600) Ghilluminated by plane wave at normal incidence through
rectangular windows (25 x 35)2ca$ a function of cavity mode index m.

Other parameters: cavity mode index n = 200, frequency = 2.87510864 GHz.
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Figure 21 Electric field am§Li1tude at (2700, 300, 300) cms inside a rectangular cavity
( 5400x600x600) chilluminated by plane wave at normal incidence through
rectangular windows (25 x 35)<as a function of number of modes on apertures.
Other parameters are cavity mode index n = 200, m = 1200,
frequency = 2.8745GHz.
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4.0 Conclusion

A method suitable for estimation of electric field shielding effectiveness of large but reg-
ular shaped rectangular cavity with multiple rectangular apertures is presented. Assuming appro-
priate electric field distribution on the aperture, fields inside the cavity are determined using
rectangular cavity Green’s function. Electromagnetic fields outside the cavity and scattered due
to the aperture are obtained using the free space Green'’s function. Matching the tangential mag-
netic field across the apertures, the integral equation with aperture fields as unknown variables is
obtained. The integral equation is solved for unknown aperture fields using the Method of
Moments. From the aperture fields the electromagnetic shielding effectiveness of the rectangular
cavity is determined.

Numerical results on electric field shielding of a rectangular enclosure are validated with
data available in the literature. Effects of cavity and aperture modes for large size enclosure are
studied. Approximating a Boeing-757 aircraft cabin by a rectangular cavity and passenger win-
dows by rectangular aperture electromagnetic field penetrations inside the cabin due to external
plane wave at normal incidence are estimated. Electromagnetic field penetrations due to horizon-
tal as well as vertical polarizied incident fields are studied. Though in the present report electro-
magnetic field penetration through two apertures, one on each side of fuselage is estimated, the
computer code can be used to simulate effects of multiple apertures on each side of fuselage.

One advantage of the present method is that the order of matrix equation to be solved in
the present approach is very small compared to the order of matrix equation one encounters in the
Finite Element Method. Another advantage is that the computer storge requirement for the
present approach is negligibly small compared to the Finite Element Method and Finite Differ-

ence Time Domain method. However, because of the use of the cavity Green’s function it is very
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difficult to take into account the complex geometries and objects that may be present in the pas-
senger cabins. Also, the method does not take into account the losses that will be present in prac-
tical aircraft cabin. Inspite of its inadequateness in handling losses in the system and complex
geometries, the present method gives quick and fairly accurate estimates of electromagnetic

shielding effectiveness of rectangular enclosures.
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Appendix |

In this appendix we evaluate the integﬁlwrpqx(x', y')sin —%cos BHX dy ina

closed form. Substituting fo# (X, y') the expressionlfgf,,x ~ can be written as
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Appendix I

In this appendix we evaluate the integﬁld)rpqy(x', ) cos[ngX Esin%m;y %}Ix'dy ina

closed form. Substituting foﬁ)rpqy(x', y) the expressionlfr%mny can be written as
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In above equatior,, y, are the coordinates of the centef of aperture. Performing the integra-

tion expression fof,,,,,, can be written as
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Appendix Il
The Fourier transforme, .., anph,,,  ®,,,  ak,,, , respectively are derived in

— jkX— jkyy

dxdy , the Fourier trans-

this appendix. Using the deflnathfppqx(kx, ky) = erpqy

form Y 54« can be written as
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Following the same procedure the Fourier transfor®of | can be written as
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The expressions fapr;qx ar(pj;qy are obtained from expressionis for @5ipd , respec-

tively by replacing,, ky by-kK,, —ky respectively.

Appendix IV
In this appendix, the expressions for electric field inside the cavity due to magnetic cur-
rent sources present on its walls are given. Using the electric vector potential given in (31) and

expression (23), the electric field components inside the cavity due to the x component of mag-

netic current sources at= 0  plane are obtained as
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Likewise the electric field components due to the x-component of magnetic current sources at

z = c plane are obtained as
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